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Recognition of the Rotavirus mRNA 3 Consensus
by an Asymmetric NSP3 Homodimer
PABP, nonstructural protein 3 (NSP3) (Both et al., 1984;
Eiden, 1993; Qian et al., 1991). NSP3 is a 36 kDa protein
that consists of two readily separable domains (Figure
Rahul C. Deo,1,4 Caroline M. Groft,1,4
K.R. Rajashankar,1 and Stephen K. Burley1,2,3
1 Laboratories of Molecular Biophysics and
2 Howard Hughes Medical Institute 1A). The NSP3 N-terminal domain (NSP3-N) binds to the
rotaviral mRNA 3 consensus sequence (Poncet et al.,The Rockefeller University
1230 York Avenue 1993) in a group-specific manner (Poncet et al., 1994;
Piron et al., 1999; Vende et al., 2000). The NSP3New York, New York 10021
C-terminal domain (NSP3-C) binds a segment of eIF4G
that overlaps with the binding site for PABP (Piron et
al., 1998, 1999; Vende et al., 2000). Both viral mRNA andSummary
eIF4G binding activities of NSP3 must be present for
efficient translation of viral mRNA (Vende et al., 2000).Rotaviruses, the cause of life-threatening diarrhea in
humans and cattle, utilize a functional homolog of With this alternative circularization strategy, NSP3
closes the viral mRNA loop and facilitates translation ofpoly(A) binding protein (PABP) known as nonstructural
protein 3 (NSP3) for translation of viral mRNAs. NSP3 its own mRNAs while blocking recruitment of PABP to
the eukaryotic translation initiation machinery (Michelbinds to viral mRNA 3 consensus sequences and cir-
cularizes the mRNA via interactions with eIF4G. The et al., 2000; Vende et al., 2000).
To better understand RNA recognition by NSP3, weX-ray structure of the NSP3 RNA binding domain
bound to a rotaviral mRNA 3 end has been deter- determined the X-ray structure of a C-terminal truncation
of NSP3 from Group A Simian Agent 11 rotavirus boundmined. NSP3 is a novel, heart-shaped homodimer with
a medial RNA binding cleft. The homodimer is asym- to the Group A 3 mRNA consensus sequence (5-Gua-
Ade-Cyt-Cyt-3). The N-terminal domain of NSP3 formsmetric, and contains two similar N-terminal segments
plus two structurally different C-terminal segments an unusual, highly asymmetric heart-shaped dimer with
a medial RNA binding cleft. The 3 end of the RNA isthat intertwine to create a tunnel enveloping the mRNA
3 end. Biophysical studies demonstrate high affinity completely buried in a tunnel formed by the asymmetric
homodimerization interface. Recognition of the 3 termi-binding leading to increased thermal stability and slow
dissociation kinetics, consistent with NSP3 function. nal tetranucleotide is achieved by an extensive network
of hydrogen bonds, van der Waals contacts, salt brid-
ges, and stacking interactions. RNA binding significantlyIntroduction
increases the thermal stability of the protein. Additional
biophysical studies were used to characterize the RNARotaviruses, the major cause of pediatric gastroenteritis
worldwide, are members of the Reoviridae family and binding properties of NSP3.
consist of an 11-segment double-stranded RNA genome
surrounded by a three-layered virion (reviewed in Estes, Results and Discussion
1996; Patton and Spencer, 2000). Antibodies against
rotavirus structural proteins have permitted serological Structure Determination
classification of seven viral groups (A–G). Only groups NSP3 (NSP3-N, residues 4–164) from Group A rotavirus,
A, B, and C affect humans, with group A causing the Simian Agent 11 (SA11) was cocrystallized with a hexa-
vast majority of childhood disease. Two outbreaks of nucleotide derived from the group A mRNA 3consensus
Group B “adult rotavirus” infection involving 15,000– (5-Gua-Ura-Gua-Ade-Cyt-Cyt-3), yielding four crystal-
20,000 people have been documented in China (Chen lographically independent views of the protein-RNA com-
et al., 1985). Group C rotaviruses affect children and plex in the asymmetric unit. The structure was determined
occur sporadically in South America. at 2.45 A˚ resolution by multiple isomorphous replacement
Rotaviruses co-opt the eukaryotic translation machin- with anomalous differences and noncrystallographic sym-
ery during their life cycle. Most eukaryotic mRNAs are metry averaging. The current refinement model has an
characterized by a 5 cap structure (7-methyl-G(5)ppp R factor of 23.1% and a free R value of 28.3% (Bru¨nger,
(5)N, where N is any nucleotide) and a 3 poly(A) tail. 1992) with excellent stereochemistry. (See Table 1 and
Eukaryotic translation initiation is facilitated by interac- Experimental Procedures for a complete description of
tions between the 3 poly(A) tail and the 5 end of the structure determination and refinement.)
message mediated by poly(A) binding protein (PABP)
and eukaryotic translation initiation factor 4G (eIF4G) Homodimer Structure and Asymmetry
(reviewed in Sachs, 2000). Rotavirus mRNAs include the NSP3-N forms a heart-shaped, asymmetric homodimer,
5 cap structure but lack a poly(A) tail. Instead, they with a medial RNA binding cleft (Figure 2). The N-terminal
contain a conserved tetranucleotide at the mRNA 3 end. segment of each monomer (circa 75 residues) is formed
Rotaviruses direct eukaryotic translation machinery to by three  helices: H1 (H1;  denotes second monomer),
viral mRNAs by using their own functional homolog of H2 (H2), and H3 (H3). The C-terminal segment of each
monomer (circa 50 residues) includes  helices and
 strands, in order H5 (H5), H6 (H6), S1 (S1), S2 (S2),3 Correspondence: burley@rockvax.rockefeller.edu
4 These authors made equal contributions to this work. H7 (H7), S3 (S3), and H8. Between the N- and C-terminal
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Figure 1. Sequence Alignments of NSP3 RNA Binding Domains
(A) Schematic representation of NSP3 domain organization.
(B) Sequence alignment of groups A, B, and C NSP3 RNA binding domains. Secondary structural elements (gold  monomer A; blue 
monomer B) were obtained from our X-ray structure. Circles denote disordered residues. Sequence similarity is encoded by a gray→purple
color gradient (40%–100% identity). Functional classifications: 1, RNA binding by monomer A; 2, RNA binding by monomer B; d, dimerization
by monomer A; , dimerization by monomer B; , dimerization by monomers A and B. GenBank accession codes are as follows: simian|gpA
139511; human|gpA 1083995; porcine|gpA 1086092; avian|gpA 2754594; bovine|gpC 465431; murine|gpB 476942.
segments, the secondary structural similarity of the two tice-packing effects that stabilize H8 of monomer A
(mass spectrometry revealed no evidence of proteoly-halves of the homodimer breaks down. Monomer A con-
tains -helix H4, whereas the corresponding region of sis, data not shown). A structural similarity search of
the protein data bank (PDB; http://www.rcsb.org/pdb)monomer B (residues 79–89) appears to be disordered
in our cocrystals. We believe that this difference arises using the DALI server (Holm and Sander, 1996) showed
no close orthologs (a maximum z score of 5.7 was ob-from RNA-induced stabilization of -helix H4 in mono-
mer A (see below). No counterpart for -helix H8 is found tained with a fragment of the unrelated protein neprilysin
PDB Code 1DMT; root-mean-square deviation or rmsdin monomer B, although this difference may reflect lat-
Table 1. Statistics of the Crystallographic Analysis
MIRAS Structure Determination (47 Se sites)
Resolution Reflections Completeness (%) Rsym (%) Phasing Rcullis
Data Set (A˚) (Measured/Unique) (Overall/Outer Shell) (Overall/Outer Shell) Power (Iso) (Ano/Iso)
Crystal 1—SeMet
  0.9794 A˚ 23.0–2.45 515,153/85,029 91.5/80.6 5.2/11.5 0.58 0.76/0.93
Crystal 2—SeMet
1  0.9792 A˚ 23.0–2.72 296,132/61,567 95.6/93.9 9.1/13.7 0.34 0.77/0.98
2  0.9795 A˚ 23.0–2.72 301,090/62,240 95.1/92.3 7.1/11.4 NA 0.77/NA
3  0.9641 A˚ 23.0–2.72 315,373/64,776 94.3/89.4 9.2/17.1 0.68 0.91/0.91
Crystal 3—Native
  0.9790 A˚ 23.0–2.45 1,328,873/46,429 99.3/99.3 4.5/14.9 NA NA
Overall Figure of Merit  0.53
REFINEMENT—Crystal 3
Resolution (A˚) Completeness (%) R factor Free R factor
Data with |F|  2	|F| 22.0–2.45 97.6 0.228 0.280
Rms deviations Bond lengths, 0.006A˚ Bond angles, 1.2

Rsym |II|/I, where I observed intensity,I average intensity obtained from multiple observations of symmetry related reflections.
Phasing power  rmsd (|FH|/E), where |FH|  heavy atom structure factor amplitude and E  residual lack of closure. rmsd bond lengths and
rmsd bond angles are the respective root-mean-square deviations from ideal values. Free R factor was calculated with 7% of data omitted
from the structure refinement.
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dues 8 to 74) of each monomer that emphasizes the
resulting differences in C-terminal segment structure
and positioning. The C-terminal segments are spatially
dissimilar, in themselves, and superimpose with a rmsd
5 A˚. With the exception of the N-terminal segment, no
portion of monomer A (25 residues) can be overlaid
with its counterpart in monomer B with a rmsd  2.5 A˚.
Asymmetry in the C-terminal segment is created by in-
tervening linker regions, which permit different angles
between the secondary structure elements H5(H5),
H6(H6), S1-S2(S1-S2), H7(H7), and S3(S3) in the two
monomers. Moreover, the three-stranded  sheet
formed by S1-S2-S3 is antiparallel, whereas the S1-
S2-S3  sheet is of mixed polarity.
There is some precedent for asymmetry in cocrystal
structures of homodimeric proteins recognizing nucleic
acid. The Arc repressor forms an intertwined, symmetric
homodimer, which recognizes a nonpalindromic dou-
ble-stranded DNA ligand (Raumann et al., 1994). Unlike
Figure 2. Structure of the NSP3-N/RNA Complex NSP3 recognition of single-stranded RNA, Arc repressor
BOBSCRIPT (Esnouf, 1999) drawing showing the RNA binding tunnel residues involved in DNA binding are identical in both
created by approximation of monomers A (gold) and B (blue). The monomers. The HAP1 transcription factor can form ei-
rotavirus RNA 3 end consensus sequence (5-Ura-Gua-Ade-Cyt-
ther symmetric or asymmetric homodimers, which areCyt-3) is included as an atomic stick figure.  helices are labeled
dictated by the spatial arrangement of HAP1 recognitionH1–H8 and  strands are labeled S1–S3 ( denotes monomer B).
half sites within the DNA duplex (King et al., 1999). Sym-The N and C termini of the monomers and the 5 and 3 ends of
the RNA are labeled. Dots denote disordered residues in the loop metric dimer contacts are made between the C-terminal
connecting  helices H5 and H6 in monomer A. coiled-coil region of HAP1, while the N-terminal zinc-
containing DNA binding domains are free to bind their
cognate half sites in a variety of relative positions andof 71 equivalent -carbons  5.0 A˚; 10% sequence
orientations. Unlike RNA recognition by NSP3, most ofidentity).
the HAP1 residues involved in DNA binding are identicalGel filtration studies were used to document that
in both halves of the homodimer.NSP3-N is a dimer in solution, both in the presence
Two enzymes also provide examples of asymmetryand absence of RNA (data not shown). The A and B
in protein dimers. The HIV-1 reverse transcriptase pro-polypeptide chains intertwine to create a single globular
tein is a heterodimer consisting of 66 kDa and 51 kDaentity (Figures 2 and 3), albeit one without a well-defined
subunits. The 51 kDa subunit is generated by proteolytic
hydrophobic core. The NSP3-N dimerization interface
processing of the original 66 kDa polypeptide chain
is extensive; more than one-third of the residues in each
(Kohlstaedt et al., 1992; Jacobo-Molina et al., 1993;
monomer participate in intermolecular contacts (Figures
Wang et al., 1994). Both subunits include four subdo-
1B and 3). With the exception of the C-terminal -helix mains (the 66 kDa subunit has an additional RNase H
(H8), all secondary structural elements in monomers A subdomain), which are identical in primary sequence,
and B contribute to NSP3-N homodimerization. The total but differ in relative orientation in the two monomers.
solvent-accessible surface area buried upon dimer for- The resulting asymmetric dimer creates only one RNA-
mation (7800 A˚2 ) is more than three times the mean dependent DNA polymerase active site, one RNase H
observed for homodimers of comparable molecular active site, one tRNA binding site, and one noncompeti-
weight (Miller et al., 1996). The NSP3-N dimer interface tive inhibitor binding site. This situation is comparable
contains a high proportion of polar residues (11% Ser, to the single RNA binding site in NSP3 created by non-
10% Lys, 7% Asp, 7% Arg), making it similar in amino identical spatial arrangements of secondary structure
acid composition to the interfaces of proteins in revers- elements in the two monomers. PAK1 kinase represents
ible dimers (Valdar and Thornton, 2001). We believe that a second example of an enzyme that is an asymmetric
this extensive polar interface effectively substitutes for dimer (Lei et al., 2000). In PAK1, a  strand of the
the presence of a hydrophobic core within the homodi- N-terminal domain of one monomer contributes to the
mer, providing an alternative means of stabilizing an hydrophobic core of the N-terminal domain of the sec-
irreversible protein dimer. ond monomer, but the reciprocal interaction is not seen.
Although the A and B monomers of the NSP3-N homo- It has not yet been determined what, if any, functional
dimer (colored gold and blue, respectively) are essen- role asymmetry plays in PAK1 autoregulation.
tially identical in secondary structure, the relative spatial Virtually all of the residues (79/89) comprising the di-
positioning of the N- and C-terminal segments of the mer interface are conserved among different group A
two monomers differs significantly within our cocrystal rotaviruses. There is lower conservation between dis-
structure. Extensive intermolecular packing of the two tinct rotavirus groups (49/89 for group A versus C; 35/
monomers appears to lead to asymmetry. RNA binding 89 for group A versus B). In many instances, however,
could also be a determinant of asymmetry. Figure 3A a nonconservative change observed at one amino acid
depicts a structural superposition of the N-terminal seg- position is offset by a reciprocal change in the residue
with which it interacts. For example, the group A Ser17/ments (rmsd of 67 equivalent -carbons  1.3 A˚, resi-
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Figure 3. NSP3-N Homodimerization
(A) Overlay of  helices H1–H3 of monomers
A (gold) and B (blue).
(B) Molecular surface/worm representations
depicting the intertwined nature of the homo-
dimer. The left panel shows monomer A as a
molecular surface (colored gold for surface
curvature) and monomer B as an -carbon
backbone worm (blue). The orientation is the
same as in Figure 2. The right panel shows
monomer A as an -carbon backbone worm
(gold) and monomer B as a molecular surface
(colored blue for surface curvature), rotated
90
 counterclockwise about a vertical axis
with respect to Figure 2.
Val53 interaction observed in the NSP3-N homodimer RNA contacts involve  helices H2, H3, H4, and H5, the
S1-S2 loop of monomer A, and  helices H1, H5, H6,is Val/Ser in group C. The Asn32/Arg45 interaction has
been replaced in group B rotavirus by an Arg/Asp inter- and H7 of monomer B. It is remarkable that -helix H5
(H5) is the only secondary structural element from bothaction. Other substitutions leading to an increase in size
at one position are compensated for by a change in
its interaction partner to a smaller residue. Moreover,
interacting polar residues have been replaced at certain
positions by nonpolar residue pairs (Figure 1). Preserva-
tion of these intermolecular interactions suggests that
there is considerable evolutionary pressure to conserve
the structure of the NSP3-N homodimer. Reciprocal and
compensatory substitutions may be functionally signifi-
cant, by preventing the formation of nonfunctional
NSP3-N heterodimers upon coinfection of one cell by
rotaviruses of different groups.
The Asymmetric NSP3-N Homodimer Recognizes
a Group A Rotaviral mRNA 3 End
Consensus Sequence
To achieve viral mRNA circularization, NSP3 must rec-
ognize the mRNA 3 consensus sequence amidst a myr- Figure 4. Surface properties of NSP3-N.
iad of cytoplasmic RNAs. Asymmetric homodimerization GRASP (Nicholls et al., 1991) representation of the chemical proper-
ties of the solvent accessible surface of NSP3-N calculated usingof NSP3-N creates a single, highly basic RNA binding
a water probe radius  1.4 A˚. The surface electrostatic potential istunnel (Figure 4) lined by residues from both monomers,
color-coded red and blue, representing electrostatic potentials lesswhich confirms previous work suggesting that full-
than 10 to greater than 10 kBT, where kB is the Boltzmannlength NSP3 is dimeric and that the protein to RNA
constant and T is the temperature (Gilson et al., 1988). RNA binding
stoichiometry is 2:1 (Piron et al., 1999). RNA recognition surface of NSP3 with 5-Ura-Gua-Ade-Cyt-Cyt-3 in the RNA binding
buries portions of both the protein and RNA (total sol- tunnel, viewed perpendicular to the axis of -helix H4 toward the
apex of the heart.vent-accessible surface area buried 1800 A˚2 ). Protein-
NSP3 Recognition of the Rotavirus mRNA 3 End
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Figure 5. RNA Recognition by NSP3
BOBSCRIPT (Esnouf, 1999) stick figure representation of the interactions between NSP3-N and the rotavirus group A mRNA 3 end consensus
sequence. Gray dashed lines indicate hydrogen bonds between RNA and protein. Black spheres denote water molecules.
(A) Recognition of the terminal cytidine (Cyt-5). The S1-S2 loop has been removed for clarity.
(B) Recognition of the penultimate cytidine (Cyt-4).
(C) Recognition of Ade-3 and Gua-2.
(D) Simulated annealing omit map showing the terminal two cytidines in a (2|Fobserved|  |Fcalculated|) difference Fourier synthesis, calculated with
the RNA removed from the phasing model and contoured at 1.2 	.
monomers that interacts with RNA, underscoring the dition, NSP3-N employs a combination of hydrogen
bonds, van der Waals contacts, salt bridges, and stack-asymmetry of the RNA binding tunnel.
Experimental electron density was visible for five nu- ing interactions that appear ideally suited for binding
the consensus tetranucleotide (Figure 5). Although theircleotides: 5-Ura-Gua-Ade-Cyt-Cyt-3 (referred to as
Ura-1, Gua-2, Ade-3, Cyt-4, and Cyt-5). Figures 2 and crystal lattice environments are not the same, the four
crystallographically independent NSP3-N/RNA com-5 show the contribution of each monomer to the RNA
binding tunnel, which lies deep within the homodimer plexes display essentially identical protein–RNA interac-
tions, including the bridging water molecules responsi-to create a dead end for the terminal nucleotide. The
two cytidines at the 3 end of the consensus sequence, ble for some of the polar interactions.
NSP3 makes a significant number of contacts withCyt-4 and Cyt-5, bind predominantly to monomer B,
while monomer A makes the majority of the contacts the sugar-phosphate backbone. All five of the visible
phosphate groups participate in electrostatic interac-with the two purines. No protein-RNA interactions are
seen for Ura-1, although there are salt bridges and hy- tions with NSP3-N. The protein also makes a significant
number of contacts with four of the five ribose moieties,drogen bonds with the phosphate group linking Ura-1
and Gua-2. The 3 cytidine, Cyt-5, is completely hidden the sole exception being Ura-1. All of the 2 hydroxyl
groups of the consensus tetranucleotide form hydrogeninside the RNA binding tunnel; the penultimate cytidine
(Cyt-4) is tucked behind Arg149. Arg83 and Lys132 bind bonds with the protein, suggesting that NSP3 will not
bind as tightly to the corresponding single-stranded DNAthe phosphate groups of both purines (Gua-2, Ade-3)
and almost encircle the RNA strand (Figure 4). sequence. The terminal 3 hydroxyl group occupies a
pocket lined by four residues (Asp100 [hydrogen bondOur structure reveals that specificity for rotaviral
mRNAs is partially achieved by formation of an RNA acceptor], Leu104, Ala122, and Leu142), emphasizing
the requirement for a free 3 end for the RNA (Figure 5A).binding tunnel which is closed at one end, thereby ex-
cluding recognition of internal mRNA sequences. In ad- Base recognition is achieved by satisfaction of hydro-
Cell
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gen bond donors and acceptors, as well as van der bond donor for polar interactions with Asp98 and
Asn102. Hydrogen bond interactions with Asn62 (O1-Waals contacts and stacking interactions. A recently
published examination of 45 protein-RNA structures (All- N  3.1 A˚) and Ser17 (O-N  3.1 A˚) would favor the
side chain rotamer of Asn102 depicted in Figure 5B.ers and Shamoo, 2001) provides an opportunity to com-
pare the RNA recognition strategy of NSP3 with that of Mutation of this nucleotide to uracil abolishes binding
to NSP3 (Poncet et al., 1994).other RNA binding proteins (including well-character-
ized RNA recognition motifs and K-homology domains).
In general, the nitrogenous bases of RNA are differenti- Ade-3
ated on the basis of size and the nature of the ring Ade-3 is recognized entirely by monomer A, via interac-
substituents. Bicyclic purines, adenine and guanine, are tions with  helices H3, H4, and H5 (Figure 5C). Arg83
larger than the monocyclic pyrimidines, cytosine and stacks with Ade-3, and Lys66 stacks with Gua-2, leading
uracil (Figure 5). Purines also possess a hydrogen bond to a four-layer sandwich. Arg has been shown to be the
acceptor on their five membered rings (N7). Additional most common residue to stack with adenine (Allers and
differences between pyrimidines and purines involve Shamoo, 2001). Previously published structures of pro-
substituents of C2. Pyrimidines possess a hydrogen tein-RNA protein complexes demonstrate that adenine
bond acceptor (carbonyl oxygen O2), while purines have is most often specified by recognition of its N1 and N6
either a hydrogen bond donor (exocyclic NH2 of guanine) groups. For NSP3 this pattern holds true, with recogni-
or no substituent (adenine). The pyrimidines also differ tion of Ade-4 by Ser80 (O-N6  2.6 A˚) and Asn84
from one another at position C4, where cytidine pos- (N-N1  3.1 A˚). N3 and N7 of adenine rarely form hydro-
sesses an amino group, while uracil has a carbonyl oxy- gen bonds in protein-RNA structures and do not do so
gen. Similarly, the purines can be differentiated on the in this structure. A guanine in place of Ade-3 (found at
basis of the C6 substituent, which is a carbonyl oxygen this position in the group C rotaviral mRNAs) appears
for guanine and an amino group for adenine. Finally, likely to produce a steric clash between the exocyclic
the N1 and N3 nitrogens of guanine and uracil may be NH2 and the backbone NH of Asn84. It is possible, how-
protonated in their respective keto forms and serve as ever, that-helix H4 occupies a slightly different position
hydrogen bond donors, instead of their usual roles as in group C NSP3, because it does not appear to be rigidly
hydrogen bond acceptors. fixed by packing with the remainder of the homodimer.
Cyt-5 Gua-2
The terminal cytidine (Cyt-5) lies in a tunnel backed by Like Ade-3, Gua-2 is recognized entirely by monomer
 helices H5 and H5, framed by  helices H2, H6, and A. Gua-2 recognition is effected by Asn84 (O1-N1 
H7, and covered by the S1-S2 loop (Figures 3 and 5A). 2.8 A˚), Thr69 (O1-O6  3.4 A˚, O1-N7  2.7 A˚), and a
Arg105 makes a stacking interaction with the base. A water molecule (OH2-N2  2.8 A˚, buttressed by Asn62)
cytidine at this position is specified by Arg118, which recognizing the exocyclic NH2. Asn and Thr are not com-
is engaged in a bidentate interaction (N-O2  2.6 A˚, monly used for guanine recognition; Arg is most fre-
N2-N3 3.3 A˚). The use of Arg for stacking interactions quently observed in these interactions. Substitution of
with cytidine and for bidentate recognition of the O2 and adenine, which lacks a substituent on the C2 carbon,
N3 substituents of cytidine has been widely observed for Gua-2 would preclude formation of hydrogen bonds
in protein-RNA structures (Allers and Shamoo, 2001). with the exocyclic NH2. This substitution is seen in the
NSP3-N also specifies the cytidine base with Gln115 mRNA 3 end of gene 5 of the SA11 rotavirus strain, and
(O1-N4  3.3 A˚), and a bridging water molecule (OH2- could explain reduced expression levels of the encoded
N4  2.7 A˚, buttressed by Ser133, Ser134, Arg128, and protein (NSP1) (Patton et al., 2001).
Gln115). Gln is the most common residue to hydrogen
bond with the N4 group of cytidine. We would not expect Implications for NSP3-RNA Binding by Group B
3 terminal purines to be compatible with the restricted and Group C Rotavirus
size of the binding pocket. The group C mRNA 3 end Although each group of rotaviruses utilizes a different
consensus sequence includes a terminal uridine, which 3 end mRNA consensus sequence (group A: 5-Gua-
has a carbonyl oxygen attached to C4 instead of an Ade-Cyt-Cyt-3; group B: 5-Cyt/Ade-Cyt/Ade-Cyt-Cyt-
amine group. This C4 substitution should permit the water- 3; group C: 5-Gua-Gua-Cyt-Ura-3), we believe that
mediated interactions described above. Although rarely NSP3s from all three rotavirus groups employ a common
seen in protein-RNA structures, uracil could support an mode of RNA binding with structurally similar RNA bind-
analogous, monodentate interaction with Arg118. ing tunnels that are closed at the 3 end. The majority
of residues involved in polar interactions with the phos-
phate groups or 2-hydroxyl groups of the RNA are con-Cyt-4
The penultimate cytidine, which is invariant among mRNAs served. Of particular interest is the highly conserved
S1-S2 loop (Lys132-Ser133-Ser134-Ser135 for group A),from all three rotavirus groups, interacts with  helices H5
and H5 (Figure 5B). Base recognition is achieved by which covers the RNA binding tunnel and participates
in protein side chain and backbone to RNA backboneAsp98 (O2-N4  2.7 A˚), Asn102 (O1-N4  3.2 A˚),
Arg105 (N2-O2  2.8 A˚), Ser133 (O-O2  2.8 A˚), recognition of all four terminal nucleotides. The amino
acid composition of this loop is similar for all threeand a water molecule (OH2-N3  3.3 A˚, buttressed by
Asn102 and Arg105). Again, the steric constraints im- groups (Figure 1).
Among group A rotaviruses, base specifying residuesposed by the binding pocket appear to exclude purines.
O4 of uracil would be unable to serve as a hydrogen are conserved (Figure 1). There is also significant con-
NSP3 Recognition of the Rotavirus mRNA 3 End
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servation of these same residues between groups A affinities corresponds to an increase in G of 1.5 kcal/
mol when group A NSP3-N binds the group C consensusand C, which share a similar mRNA 3 end consensus
sequence. Since the group A and C NSP3-N domains sequence. This modest difference can be accounted for
by the loss of a single hydrogen bond, which could resultshare a high degree of sequence identity (32%–34%)
and are, therefore, likely to have highly similar protein from formation of a monodentate interaction between
uracil and Arg118.backbone positions, detailed examination of RNA bind-
ing residues may provide an explanation for the prefer-
ence of group C NSP3 for uracil versus cytidine (Cyt-5) The Structure of NSP3-N Is Stabilized
at the terminal position. For recognition of a 3 terminal by RNA Binding
uracil, group C NPS3 has a Lys in place of Arg105 Figure 2 demonstrates that the C-terminal segments of
(which stacks with the cytidine) and an Arg instead of the two NSP3-N monomers make minimal inter- and
Gln115. It is unclear why the substitution to Lys would intramolecular contacts with the remainder of the homo-
favor uracil at this position. The Gln→Arg substitution, dimer. Instead, the RNA ligand appears to serve a bridg-
however, is consistent with the fact that Gln is the most ing role between the N- and C-terminal segments within
common residue found to recognize the N4 substituent the homodimer. To investigate the stabilizing influence
of cytidine, while Arg is the second most common resi- of RNA binding on the structure of NSP3-N, we performed
due (after Lys) to recognize the O4 substituent of uracil additional biophysical studies. Circular dichroism (CD)
(Allers and Shamoo, 2001). An explanation for group C spectroscopy demonstrated that NSP3-N undergoes a
NSP3 recognition of a guanine at position 3 is not readily modest increase in -helix content (as judged by the
apparent from our structure. signal at 208 and 222 nm, data not shown) on binding the
NSP3s from group B rotaviruses show substantial di- crystallization hexanucleotide (5-GUGACC-3), which is
vergence at some of the base-specifying residues. consistent with formation and/or stabilization of -helix
Given the low sequence identity between the group A H4. Thermal denaturation of NS3P-N was examined by
and B rotavirus NSP3 RNA binding domains (13%), at- monitoring the CD spectrum at 208 nm as a function of
tempts to explain the differences in RNA recognition temperature. The melting temperature (Tm) of NSP3-N
specificity are complicated by the likelihood that there increases by 20
C when bound to an RNA ligand four
may be substantial differences in protein backbone po- nucleotides (5-GACC-3) or longer (50
C to 70
C, Figure
sitions. However, there are some indications that all 6). These data are consistent with the results of filter
NSP3s employ a similar mode of binding: three RNA binding assays described earlier, and suggest that the
binding residues in -helix H4 (Arg83, Asn84, and Trp87) apoprotein consists of a thermally metastable arrange-
and one residue in the S1-S2 loop (Ser133) are invariant ment of secondary structure elements, which envelop
across all rotavirus strains examined. These residues the terminal tetranucleotide to form a highly stable ter-
contribute to binding of the two purines (Gua-2, Ade-3 nary complex.
in group A), and Trp87 has been shown to be absolutely
essential for RNA binding by group A NSP3 (Vende et Comparison with the poly(A) Binding Protein
al., 2000). The RNA recognition strategy of NSP3 is unusual. Com-
parison with the PABP-RNA cocrystal structure (Deo et
al., 1999) reveals that NSP3 fulfills many of the sameAffinity Measurements for RNA Binding of NSP3-N
To characterize individual nucleotide contributions to functional roles as PABP using an entirely different strat-
egy for mRNA 3 end recognition. PABP utilizes multipleRNA binding affinity, we undertook nitrocellulose filter
binding assays to identify a minimal high-affinity RNA RNA-recognition motifs (RRMs) to bind an elongated
poly(A) tail segment (Kuhn and Pieler, 1996; Deardorffligand (Figure 6). Affinity measurements for the consen-
sus terminal hexanucleotide, pentanucleotide, tetranu- and Sachs, 1997) (multiple copies of PABP also bind a
single poly(A) tail), while NSP3 uses only a single RNAcleotide, and two trinucleotides are shown in Figure 6,
along with measurements of the affinity for the group C binding domain to enclose the rotavirus 3 consensus
sequence. These differences may reflect a contrast be-pentanucleotide consensus and poly(A) RNA. Within the
error of the method, the binding affinities for the 5-GUG tween the importance of regulated mRNA stability on
eukaryotic translational control and the limited impor-ACC-3, 5-UGACC-3, and 5-GACC-3 are nearly identi-
cal. This finding is consistent with our structure, which tance of such control in rotaviral mRNA translation. The
first step of eukaryotic mRNA decay involves a gradualshows protein recognition of only the terminal four nu-
cleotides, and with previous qualitative results for NSP3 3-5 exonucleolytic digestion of the poly(A) tail (re-
viewed in Wilusz et al., 2001). The presence of multipleof the SA11-4F rotavirus strain (Poncet et al., 1994). No
detectable binding was observed for either 5-ACC-3 bound copies of PABP would permit a length depen-
dence of the poly(A) tail on translation initiation (Preissor 5-GAC-3, suggesting that contacts with all four nu-
cleotides are essential for stable complex formation (see et al., 1998). Moreover, the multidomain nature of PABP
may allow transient dissociation of one or more RRMsbelow). Not surprisingly, we were unable to detect bind-
ing of NSP3-N to poly(A) RNA, which suggests that poly- leading to deadenylase access. NSP3 probably serves
a less subtle role, shielding rotaviral mRNAs from hostadenylated host mRNAs would not compete with rotavi-
ral mRNAs for binding to NSP3. exonucleases and stimulating translation for the dura-
tion of the infection. In addition to its role in highly selec-Our X-ray structure of the NSP3 5-GUGACC-3 com-
plex can be used to interpret the energetic differences tive RNA binding, dimerization of NSP3 may provide
more than one eIF4G binding site per bound mRNA,(G) for binding group A versus group C mRNA con-
sensus sequences. The 12-fold difference in binding thereby increasing the likelihood of circularizing the ro-
Cell
78
Figure 6. NSP3-N Is Stabilized by High-Affin-
ity RNA Ligands
Top: Thermal melting of the apo and various
RNA-bound forms of NSP3-N.
Bottom: Summary table of dissociation con-
stants and Tm of NSP3-N in the presence of
various RNA ligands. N.D. denotes dissociation
constants that could not be determined, which
probably reflect RNA binding affinities 1
M. Dashed lines indicate experiments that
were not performed.
taviral mRNA. A similar effect is observed with cellular by favoring an interdomain orientation that allows simul-
taneous binding to both ligands.mRNAs, which are decorated with multiple copies of
PABP that in turn provide a high local concentration of
binding sites for eIF4G (Baer and Kornberg, 1983). Implications for Rotaviral Genome Replication
Replication of the double-stranded rotaviral RNA ge-Viruses face evolutionary pressure to increase the in-
formation content of viral genomes without increasing nome involves negative strand synthesis from mRNA
templates using the 3 end consensus sequence to initi-the genome size. This has been achieved through inclu-
sion of out-of-frame overlapping genes and through ate replication (reviewed in Patton and Spencer, 2000).
This process does not require NSP3 (Bican et al., 1982),polypeptide sequences that can adopt more than one
structure and/or function (Kohlstaedt et al., 1992). Ho- and our structure and biophysical characterization of
the NSP3-N/RNA complex suggest that NSP3 may evenmodimerization of NSP3 allows at least two unique bio-
chemical activities to reside within a single coding se- interfere with rotaviral genome replication. High affinity
RNA binding (Kd  79 nM) and the slow dissociationquence, namely mRNA and eIF4G binding. The RNA
binding domain of NSP3 may also mediate additional rate (t1/2  8 hr, data not shown) are consistent with
PABP-like roles of NSP3 in translation initiation andbiochemical function(s), potentially through the broad
interaction surface (created by H1, H2, H3 H5, H5, S1, mRNA stability. However, these data raise the question
of how a free 3 end could be generated for primingS2) present on the non-RNA binding face of NSP3. As
the formation of this surface appears to require dimeriza- negative strand RNA synthesis. Although our work does
not directly address this question, the cocrystal struc-tion and RNA binding (see above), a cooperative situation
could result where mRNA binding by NSP3 would facilitate ture of NSP3 suggests active removal of NSP3 from
its consensus sequence may be required for viral RNAprotein-protein interaction(s). This would be comparable
to the way in which PABP-poly(A) tail binding promotes replication. NSP3 removal may take place in the cyto-
plasm or in the context of packaging and assembly ofthe PABP-eIF4G interaction (Le et al., 1997), conceivably
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RNA oligomers (5-AUCAUGUGACC-3, 5-AUGUGACC-3, 5-UGUthe single-shelled particle. VP1, the rotavirus RNA-
GACC-3, 5-GUGACC-3, 5-GACC, 5-GAC-3, 5-ACC-3, 5-UGdependent RNA polymerase, binds an overlapping se-
GCU-3) were obtained from Dharmacon Research.quence of the mRNA 3 end and may be responsible
Se-Met NSP3(4–170)/5-GUGACC-3 cocrystals were obtained by
for displacing NSP3 (Patton, 1996). There may also be hanging drop vapor diffusion against 20% PEG4000, 50 mM MES-
different pools of positive strand RNA for translation NaOH (pH 5.4), 200 mM ammonium sulfate at 24
C, using a protein
concentration of 5.5 mg/mL and a 1:1.2 protein:RNA ratio. Proteinand replication, as has been proposed for reovirus (Sil-
and RNA, stored in 100 mM NaCl, 5 mM HEPES-NaOH (pH 7.4), andverstein et al., 1976).
10% glycerol, were mixed and incubated at room temperature (22
C)
20 min prior to crystallization tray setup. S-Met NSP3(4-164)/5-
NSP3 Represents a Potential Target GUGACC-3 cocrystals were obtained under similar conditions, with
for Antirotaviral Therapy PEG2000MME instead of PEG4000. Rectangular prism-shaped co-
crystals grow in space group P1 (a  40.3 A˚, b  85.4 A˚, c The high morbidity, mortality, and costs associated with
96.1 A˚,  89.99
,  90.00
,   90.05
) with four homodimer-RNArotaviral disease worldwide and the absence of an ap-
complexes/asymmetric unit, and diffract to at least 2.2 A˚ resolution.proved vaccine suggest that alternative therapeutic op-
Crystal cryoprotection was achieved by adding ethylene glycol totions should be investigated. NSP3 has many features
a final concentration of 24% (v/v).
that make it a suitable drug target. The RNA binding site
itself is a small, enclosed tunnel with many hydrogen
Data Collection, Structure Determination, and Refinementbond donor/acceptor groups, which should enable
All diffraction data were collected at Beamline X9A at the Nationalbinding of small molecular inhibitors. Both the RNA tar-
Synchrotron Light Source under standard cryogenic conditions. Aget and NSP3 are unique viral components with no
multiwavelength anomalous dispersion experiment was conducted
known eukaryotic homologs, making it unlikely that inhi- by recording diffraction data at three X-ray wavelengths (Se absorp-
bition of RNA binding by NSP3 will interfere with normal tion edge inflection point, peak, and high-energy remote) with one
NSP3(4–170)/5-GUGACC-3 cocrystal. An additional peak wave-cellular functions. NSP3 is almost certainly essential for
length data set was obtained for a second cocrystal. Data wererotaviral viability in a human host, because removal of
processed using DENZO/SCALEPACK (Otwinowski and Minor,NSP3 from rotaviral mRNAs would severely impair their
1997). The Se-Met cocrystals proved to be epitaxially twinned, asability to be translated (Vende et al., 2000) and make
judged by the presence of a second lattice in the diffraction pattern,
them susceptible to host cell exonucleases. Finally, diagnostic TRUNCATE (Dodson et al., 1997) statistics, an unex-
some nucleotide-based antiviral agents inhibit rotavirus plained 20 	 peak in the native Patterson synthesis, and subsequent
identification of a “ghost molecule” during examination of electronreplication in cell culture (Estes, 1996).
density maps. Nonetheless, nine of 72 possible Se sites (18 methio-One of the major challenges facing designers of anti-
nines per dimer) were located using SnB (Weeks and Miller, 1999).rotaviral therapeutic agents is the absence of an acces-
Anomalous difference Fourier syntheses based on phasing with thissible genetic system. At present, there are only a few
limited subset of Se sites permitted identification of a total of 47 Se
naturally occurring mutant viruses that provide insights sites. Experimental phases were estimated at 2.45 A˚ resolution using
into the relative biological importance of particular rota- MLPHARE (Dodson et al., 1997), and improved by density modifica-
tion and noncrystallographic symmetry averaging. Iterative roundsviral proteins (reviewed in Estes, 1996). High-throughput
of model building/refinement were performed using O (Jones andscreening of molecules that interfere with the function
Kjeldgaard, 1997) and CNS (Bru¨nger et al., 1998), yielding an atomicof well-characterized rotaviral proteins may provide use-
model for 60% of the asymmetric homodimer. A third S-Met dataful in vivo probes of rotavirus biology, even if they have
set was obtained from a nontwinned NSP3(4–164)/5-Gua-Ura-Gua-
only limited potential as therapeutic agents. Ade-Cyt-Cyt-3 cocrystal, which was not fully isomorphous with the
twinned cocrystals. Phases for the S-Met data were obtained via
molecular replacement with the 60% complete homodimer as aConclusion
search model, which gave all four expected solutions.The structure of NSP3 with the rotavirus 3 mRNA con-
Multiple crystal averaging using all diffraction data and 2|Fobserved|sensus reveals a highly asymmetric dimer and a striking |Fcalculated| Fourier syntheses yielded a near complete atomic model,
mode of RNA interaction. Furthermore, our structure with continuous electron density at 1.0 	 for all regions of the poly-
provides a scaffold for targeted mutagenesis studies peptide chain included in the model (see Figure 5D for electron
density of the RNA ligand). The current refinement model consiststoward determination of the functional importance of
of a pentanucleotide, monomer A (residues 7–108 and 112–163),other surfaces of the NSP3 homodimer. Further struc-
and monomer B (residues 4–75 and 90–153) for all four dimers intural work will be required to investigate the interaction
the asymmetric unit (20 nucleotides and 1168 residues in total), andof NSP3 with eIF4G and to understand the role of dimer-
728 water molecules giving a working R factor of 23.1% and a free
ization in this process. It has not yet been determined R value of 28.3% (Table 1). PROCHECK (Laskowski et al., 1993)
whether or not NSP3 interacts with other PABP binding showed no unfavorable (φ,) combinations with main chain and
sidechain stereochemical parameters better than average (overallpartners, including eRF3, eIF4B, and the PABP-inter-
G value  0.45).acting proteins. Our work allows an initial structural
comparison of PABP and NSP3 and provides insight into
how a protein bound to the mRNA 3 end can influence Circular Dichroism Measurements
mRNA translation and stability. A model 202-01 CD Spectrometer (Aviv Instruments, Inc. Lakewood
NJ 08701) was used for all circular dichroism measurements.
NSP3(4–164) at 52.7 M in 100 mM sodium chloride, 20 mM sodiumExperimental Procedures
phosphate (pH 7.2) was examined via single wavelength readings
at 208 nm in 2
C intervals from 25 to 90
C. To examine the effectProtein and RNA Preparation and Cocrystallization
cDNAs encoding residues 4–164, 4–170, and 4–178 of Group A Sim- of bound RNA on NSP3-N stability, oligonucleotides were added to
a final concentration of 52.7 M. Melting temperatures were calcu-ian Agent 11 rotavirus NSP3 were expressed in E. coli UT5600 cells
as glutathione-S-transferase fusion proteins in the vector pGEX6p-1 lated as in Pace and Scholtz (1997). For demonstrating an effect of
RNA binding on secondary structural composition, the crystalliza-(both S- and Se-Met forms) and purified to homogeneity by glutathi-
one-sepharose followed by heparin sepharose chromatography. tion oligonucleotide was added in an equimolar concentration to
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protein monomer (i.e., a 2-fold stoichiometric excess of RNA) and Estes, M.K. (1996). Rotaviruses and their replication. In Fields Virol-
ogy, B.N. Fields, D.M. Knipe, and P.M. Howley, eds. (Philadelphia:a scan was taken from 200–350 nm.
Lippincott-Raven Publishers), pp. 1625–1655.
RNA Binding Assays Gilson, M., Sharp, K., and Honig, B. (1988). Calculating the electro-
Radiolabeled oligonucleotides were added to serial dilutions of static potential of molecules in solution: method and error assess-
NSP3(4–164) in 140 mM NaCl, 20 mM HEPES-NaOH (pH 7.4). Radio- ment. J. Comput. Chem. 9, 327–335.
activity retained on a nitrocellulose filter was measured, and an Holm, L., and Sander, C. (1996). A review of the use of protein
apparent equilibrium dissociation constant was obtained using lin- structure comparison in protein classification and function identifi-
ear regression analysis with the following equation: cation. Science 273, 595–602.
Jacobo-Molina, A., Ding, J., Nanni, R.G., Clark, A.D., Jr., Lu, X.,log(Kd)  log[(CPMmax/CPMi)  1]  logPI
Tantillo, C., Williams, R.L., Kamer, G., Ferris, A.L., Clark, P., et al.
where Kd is the calculated dissociation constant, CPMmax represents (1993). Crystal structure of human immunodeficiency virus type 1
the maximal counts retained, CPMi represents the amount of counts reverse transcriptase complexed with double-stranded DNA at 3.0
for a given protein dilution, and Pi is the input protein concentration. All A resolution shows bent DNA. Proc. Natl. Acad. Sci. USA 90, 6320–
reported dissociation constants represent a mean of three experiments. 6324.
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been deposited in the PDB under the code 1KNZ.
